Abstract. Hole cleaning is one of the key techniques of extended reach drilling. Compared with horizontal and vertical well section, the cuttings transport in inclined section is more complicated and difficult to be solved analytically, especially affected by drill pipe rotation. Computational fluid dynamics method is used to simulate the cuttings-mud two-phase flow in the annulus of inclined section. Simulation result shows that back flow is a remarkable feature of cuttings transport in inclined well section. Drill pipe rotation turns the axial motion of cuttings in annular into the helical motion. Drill pipe rotation can not only reduce the total cuttings concentration in annular, but also increase the average cuttings velocity. Section with 40～60 degree of deviation angle is the most difficult cleaned section, where cuttings concentration and pressure drop are also bigger than the rest sections.
Introduction
A lot of researches on cuttings transport in directional and horizontal well drilling have been made in the past decades. Many models to calculate cuttings bed height and minimum mud rate have been established. Part of these models are theoretical, including steady models [1, 2, 3, 4] and unsteady models [5, 6, 7, 8] , and the rest are experimental [9, 10, 11] . The influence rules of different factors on cuttings transport have been studied deeply except the drill pipe rotation because the pipe rotation can make the two-phase flow in annular become more complicated and difficult to solve. As a result, these theoretical models which ignore or simplify the influence of drill pipe rotation, on cuttings transport, which is very important proved by many experimental researches and practices [12, 13, 14, 15] , cannot be used in fields design because of the big error . In the contrary, the regression models based on the experiment data including the pipe rotation show a good agreement with actual conditions. But these models cannot explain the mechanism of cuttings transport affected by drill pipe rotation.
Besides, most of these studies focus on the cuttings transport in horizontal well section. In fact, cuttings transport in inclined well section, especially in medium inclined well section is more difficult and complicated, especially with pipe rotation. Thus, a numerical model of cuttings transport in inclined well section solved by Fluent software is presented to simulate the cuttings transport in mud in this paper. The characteristics of concentration, velocity and pressure of cuttings transport in inclined well section are analyzed. The simulation results are helpful for field engineers to understand the cuttings transport mechanism better and design drilling hydraulics more accurately.
Numerical Model
Euler multiphase flow model is adopted to analyze the problem. The mathematical model is shown as follows.
(1) Continuity equation 
In the above formulas, α is the volume fraction, ρ is density, v is velocity, m is the mass transfer between two phases, F is the external volume force, lift F is the lift force, Vm F is the virtual mass force, τ is the pressure strain tensor, R is the interphase force, p is the pressure, subscript p and q is a certain phase respectively. More details of these parameters can be seen in the reference of Fluent.
Grid Division Scheme
According to the existing researches and actual situation of directional well drilling, the annular size of 215.9mm diameter of hole with 127.0mm diameter of drill pipe is chosen. The pipe eccentricity is 0.5. Considering the capability of the computer's memory and CPU, the hole length is set to 20m.
With the consideration of calculation accuracy and speed, the grid scheme is determined as 56x8x360=161280 finally. The grid division diagram of this annular is shown in Fig. 1 . 
Simulation Result
For Eulerian multiphase calculations, Fluent uses the Phase Coupled SIMPLE (PCSIMPLE) algorithm for the pressure-velocity coupling to solve the model. The default values of drilling parameters used in the simulation are shown in Table 1 . The section is defined as fixed bed area where the cuttings volume fraction is bigger than 70%, while the section where the cuttings volume fraction is smaller than 10% is assumed as suspended cuttings layer and the area of cuttings volume fraction between 10% and 70% is mobile bed area. 
Cuttings Transport in Inclined Annular
In the section of inclined well, the cuttings (solid phase) move upward along the bottom wall from the inlet of annular, but its moving trend and ability weaken gradually. There is a position where the local velocity of cuttings reduces to zero and then turns to the negative direction as shown in Fig. 2(a) . The position is defined as The Critical Area, where the cuttings become to slide down in annular of inclined section. But not all the particles in cutting bed slide unceasingly, part of them will go back to the upper fluid layer and move upward due to the drag of liquid. The moving trajectory of these cuttings is called back-flow trace as shown in Fig. 2(b) . Besides, due to the disturbance of drill pipe rotation, cuttings will rotate around the pipe at the same time of moving upward. This motion, together with the back-flow, makes the mud-cuttings flow in annular more complicate. In summary, the moving way of cuttings in inclined section with pipe rotation is the mixture of spiral flow and back flow, as shown in Fig. 2(c) . 
Effect of Drillpipe Rotation on Cuttings Volume Fraction Distribution
The distribution of cuttings volume fraction in annular with and without drillpipe rotation is shown in Fig. 3 . It can be seen that the cuttings fraction distribution is asymmetrical affected by the drill pipe rotation. In the right side of annular, the rotating drill pipe forces the mud to flow upward, which makes the mud able to carry more cuttings into the upper flow area. Thus the cuttings area in right side of annular becomes large and loose. But the left side is the opposite. The average cuttings volume fraction in mud flow with pipe rotation is reduced by 1/3 nearly, compared with the cuttings-mud flow without pipe rotation. This proves the fact that the drill pipe rotation has an important effect on cuttings transport in drilling. 
Effect of Drillpipe Rotation on Cuttings Velocity Distribution
The distribution of cuttings velocity in the annular with and without drill pipe rotation are shown in Fig. 4 . It can be seen that, due to the rotation the cuttings bed in lower part of annular becomes loose and the velocity of mud in the spaces between cuttings increases and then the cuttings velocity increases. On the surface of bed, part of the cuttings jump into the upper flow area because of the agitation of rotating pipe, which makes the concentration of cuttings in upper layer increases and the average velocity of cuttings transport decreases. But the average velocity of cuttings in whole annular area is bigger than it in annular without drill pipe rotation. 
Effect of Well Inclination on Cuttings Distribution
From Fig. 5 , It can be seen that when the well inclination angle declines, the cuttings bed height in annular increases sharply first and then decreases. It reaches its maximum in the section where the inclination angle is 40～60 degree. That is to say, this section is the most difficult section to be cleaned in drilling. The reason is related to the gliding of cuttings in this section. From Fig. 5 , we can also see that the influence of drill pipe rotation on cuttings bed height is more significant in highly inclined section. When the hole deviation angle declines, the influence weakens gradually.
Effect of Well Inclination on Annular Pressure Drop
As mentioned above, the concentration of cuttings varies widely in sections with different deviation angle and this will be abound to affect the pressure drop, which is shown in Fig. 6 . From the figure we can see that the pressure drop in inclined section is bigger than it in horizontal section regardless of deviation angle. The value and fluctuation of pressure drop are also large relatively in section with deviation angle between 30 and 60 degree, which is relate to the high concentration of cuttings in the annular. (3) Drill pipe rotation can not only reduce the cuttings concentration in annular, but also increase the cuttings velocity, and thus promotes the hole cleaning condition. With the rising of the deviation angle, the cuttings bed height increases firstly and then decreases. Section with 40～60 degree of deviation angle is the most difficult cleaned section.
(4) The annular pressure drop in inclined section is obviously bigger than it in horizontal section. The pressure drop varies with the deviation angle. The value of pressure drop is bigger in section with deviation angle between 30 and 60 degree than the rest sections.
